is paper is aimed to investigate the influence of dual-mass flywheel (DMF) kinetic parameters on driveline torsional vibration in engine start-up process, which prescribes the design requirements under start-up condition for DMF matching. On the basis of driveline excitation analysis during engine start-up, the analytical model of DMF driveline torsional vibration system is built and simulated. e vehicle start-up test is conducted and compared with the simulation results. On account of the partial nonstationary characteristic of driveline during start-up, the start-up process is separated into 3 phases for discussing the influence of DMF rotary inertia ratio, hysteresis torque, and nonlinear torsional stiffness on attenuation effect. e test and simulation results show that the DMF undergoes severe oscillation when driveline passes through resonance zone, and the research model is verified to be valid. e DMF design requirements under start-up condition are obtained: the appropriate rotary inertia ratio (the 1 st flywheel rotary inertia-to-the 2 nd flywheel rotary inertia ratio) is 0.7∼1.1; the interval of DMF small torsion angle should be designed as being with small damping, while large damping is demanded in the interval of large torsion angle; DMF should be equipped with low torsional stiffness when working in start-up process.
Introduction
e torsional vibration of vehicle powertrain system is a direct excitation source of vehicle driveline noise and body vibration, reducing driving comfort. Better driveline torsional vibration control is demanded due to the stronger engine output torque and widely used diesel engine presently.
e traditional clutch torsional damper (CTD) cannot meet the requirements for torsional vibration control presently, since many defects have been proved [1] , e.g., driveline resonance at idle speed or commonly used speed. e dual-mass flywheel torsional vibration damper (DMF) separates the flywheel into two components, the primary flywheel and the secondary flywheel, which are connected by springs and damping mechanism [2] . Compared to CTD, DMF has larger relative rotation angle, lower torsional stiffness, and better performance in torque transmission. Meanwhile, DMF can effectively reduce the low-order natural frequency of driveline [3] , attenuating driveline torsional vibration. DMF plays an active role in absorbing driveline oscillation, mitigating driveline impact, reducing fuel consumption [3] [4] [5] [6] , etc.
Many studies have been carried out regarding DMF characteristics since the 1980s, when DMF was invented, and the research studies of Luk company are prominent [7, 8] . Hu et al. established the undamped torsional vibration model and researched the influence of DMF on driveline natural characteristics under idling and driving conditions [9] . Schweinfurt of ZF Company investigated the damping effect of DMF by analyzing the angular acceleration of the secondary flywheel based on the DMF dynamic model that utilized single frequency vibration as input in Simulink software [10] . Chen et al. established the 8-degree-offreedom model of idle condition and the 12-degree-offreedom model of driving condition by MSC's Easy5
software. e influences of DMF parameters on driveline natural characteristics and vibration control under driving condition were investigated [11] . Wang et al. studied the DMF parameters matching and design method based on driving and overload conditions at different engaged gear pairs, and a DMF with 3-stage torsional stiffness was designed [12] . Deng and Burde investigated the relationship between the engine starter characteristics and driveline resonance frequency [13] . Chen et al. simulated the dynamic characteristics of DMF-CS (DMF with circumferential spring). e results showed that the powertrain system bears large vibration under start-up and stop conditions. It was suggested that the torsional vibration amplitude could be decreased by increasing DMF damping [14] .
e literatures have made achievements in DMF matching based on vibration control under idling and driving conditions. However, the DMF design requirements under start-up condition remain to be discussed and analyzed. e resonant speed of DMF driveline is under idle speed, which indicates that the driveline will pass through the resonance speed in start-up process inevitably. Severe oscillation of vehicle and DMF or even the damage of DMF will occur under resonance condition [14] . Consequently, the vibration control under start-up condition should be considered necessarily in the process of DMF matching.
Based on the previous studies, the current paper models and tests DMF driveline system under start-up condition, and the influences of DMF kinetic parameters on driveline vibration control are investigated and analyzed.
DMF Driveline Start-Up Analysis
As shown in Figure 1 , the clutch is separated from the gearbox and drive axle in start-up process. Hence the fuel vehicle powertrain equipped with DMF mainly contains engine starter, engine, DMF, clutch, etc.
e driveline torsional vibration is impacted by the dynamic torsional characteristics of each component.
Driveline in Figure 1 is simplified to a torsional vibration system shown in Figure 2 for analyzing DMF attenuation mechanism. e left is the equivalent rotary components at the primary flywheel side and the right is the equivalent rotary components at the secondary flywheel side.
e differential equations of torsional vibration are as follows:
where θ p (rad) is the angular displacement of the primary side; I p (kg·m 2 ) is the equivalent rotary inertia of the primary side; T(Nm) is the excitation torque, and suppose T � T A · e iωt , where T A is the torque amplitude and ω is the excitation circular frequency; K d (Nm/rad) is the DMF torsional stiffness; C(Nms/rad) is the DMF torsional damping; θ s (rad) is the angular displacement of the secondary side; I s (kg·m 2 ) is the equivalent rotary inertia of the secondary side; and K s (Nm/rad) is the equivalent torsional stiffness of the secondary side.
e steady state response of the secondary flywheel side gives
Amplitude of the angular displacement of the secondary flywheel side gives
Equation (3) shows that angular displacement amplitude of the secondary flywheel side is related to I p , I s , K d , K s , and C. e vehicle system parameters are previously determined before DMF matching; therefore, the attenuation effect is associated with the distribution of rotary inertia, damping, and stiffness of DMF. Equation (3) also indicates that vibratory response is associated with T A and ω, namely, input excitation. Accordingly, it is inappropriate to utilize sinusoidal signal as excitation for studying the oscillation in start-up process on account of the partial unsteady state induced by starter input torque and engine cylinder ignition.
After all the cylinders are entirely ignited, the driveline torsional vibration is generally derived from the crankshaft system vibration, including the torque fluctuation caused by reciprocating mechanical movement of piston and connecting rod and the variation of cylinder gas pressure [15, 16] .
For a 4-cylinder 4-stroke engine, the torque caused by the reciprocating mass, T rm , can be expressed as
where m(kg) is the total mass of a single piston (piston, piston ring, and piston pin) and a partial of a single connecting rod; r(mm) is the crank radius; ζ(rad/s) is the crank angular velocity; and λ p is the ratio of crank radius to connecting rod length. e torque produced by cylinder gas pressure, T g , can be expressed as (assume ignition sequence is 1-3-4-2)
where T 0 (NM) is the average torque and a i and φ i (i � 2, 4, 6, . . .) are the amplitudes and phase angles of the sinusoidal excitations with different orders, respectively. e engine torque T Σ can be expressed as T Σ � T rm + T g . For a 4-cylinder 4-stroke engine, the vibration will increase distinctly when the harmonic numbers are 2, 4, 6, . . . , where excitation torque vectors generated by cylinders are with the same phase [12] . e excitation frequency with different orders f (Hz) can be expressed as
where c is harmonic number and n(rpm) is crankshaft rotational speed.
Modeling and Experiment of DMF Driveline under Start-Up Condition

DMF Driveline Torsional Vibration
Model. An analytical model of driveline torsional vibration system under start-up condition, as shown in Figure 3 , is built on the basis of the above analysis and neglecting the influence of engine accessories driven by generator pulley [17] . e model embodies two driveline features during engine start-up: (1) clutch is separated from the gearbox; (2) starter torque (T m ) is exerted on the crankshaft when the engine is started initially and then disengaged from the flywheel ring gear after the engine is completely ignited. In Figure 3 , T 1 ∼T 4 (Nm) are the excitation torque of each cylinder, T m (Nm) is the torque on flywheel ring gear exerted by engine starter, I i (Kg·m 2 ) is the rotary inertia, K i (Nm/rad) is torsional stiffness, and C i (Nms/rad)) is the torsional damping coefficient, where i represents the identifier of each rotation component. T ht (Nm) is the hysteresis torque of DMF. Symbol meanings are listed in Table 1 .
When driveline is excited by engine starter, the kinetic equations of the driveline torsional vibration system can be expressed as follows:
According to equation (7), the matrix of excitation torque T can be integrated as
When starter is disconnected from the system and engine is completely ignited, the excitation torque matrix is
Based on a testing vehicle, the model is simulated by SimulationX software [18] . Figure 4 shows the DMF vibration reduction characteristics. e engine starter output torque is computed by setting the starter's characteristic curve, and engine excitation torque is computed in the software by setting the tested cylinder pressure curve, which is shown in Figure 5 .
Values of parameters, corresponding to Table 1 , are listed as follows: 
Experimental Validation.
A start-up test is conducted in this paper for investigating the driveline vibration characteristics during engine start-up and verifying the validity and accuracy of the research model. e DMF vibration is acquired by the nonuniform pulse signal of magnetoelectric tachometric transducer during the measurement. Tap a M12 threaded hole on clutch housing (aligned with the flywheel ring gear) and gearbox housing (aligned with the driving gear of the 1 st gear pair), respectively. Screw the sensors into the threaded holes until the sensors touch the inner gears. Screw the sensors at the reverse direction for 2 circles for keeping the distance from sensor head to tips of teeth on gears about 3.5 mm, which is among the sensitive distance of sensor testing, 0∼5 mm. e other side of sensors is connected with Rotec testing system. Start the test after the equipment installation and debugging. Start the sample vehicle. Maintain for a moment after the vehicle is started successfully. Signals under start-up condition are acquired in the above processes. e data are sent into an integrated laptop from Rotec testing system in real time. "Rotec RASnbk analysis system" in the laptop functions as analyzing the vibration signals, including angular velocity, angular acceleration, angular deflection value, order analysis, etc. Figure 6 shows the sensor installation and testing site. e research model is verified by the comparison of simulated and experimental data of DMF angular velocity fluctuation and angular displacement. Start-up process is separated into 3 phases (Phase A: driven phase; Phase B: transition phase; Phase C: idling phase) for analysis in this paper due to the unsteady state [19] caused by starter torque and engine ignition. e crankshaft is driven by starter in Phase A, where the major excitation is from the capsizing Rotary inertia of each crank I 7 Rotary inertia of DMF primary flywheel I 8 Rotary inertia of DMF secondary flywheel I 9 Rotary inertia of clutch cover K 1 Torsional stiffness of crankshaft front end absorber K 2 Torsional stiffness of crankshaft front end moment induced by crankshaft reaction force and cylinder pressure. e starter will be disengaged from flywheel ring gear, and the system vibration is mainly caused by combustion excitation after the engine ignition. Compared to Figure 8 , the variation trend and fluctuation amplitude of engine speed in Figure 7 exhibit good agreement with the experimental data. Resultantly, effective input excitations can be provided for the driveline vibration system. Suppose the relative rotation angle of DMF is calculated by the absolute value of rotation angle, the speed fluctuation amplitude is calculated by the difference between peak value and valley value of the speed.
e comparison between simulation and experiment data and relative errors (suppose relative error � (simulation value − test value)/test value) is listed in Table 2 . Table 2 implies that the model simulates the DMF relative rotation angle and vibration control effect in start-up with a reasonable accuracy. e errors are mainly induced by neglecting gearbox's inertial in the model, uncertain damping of driveline and the discrepancy between designed characteristics of DMF (e.g., DMF damping values, which Shock and Vibration 5 cannot be easily controlled) and the characteristics after DMF installation. In conclusion, the research model is valid for further studies.
DMF Characteristic Analysis Based on Vibration Control in Start-Up
According to the simulation and test results above, speed fluctuation of the secondary flywheel is distinct in Phase A, where the amplitude is about 100∼150 rpm. Larger oscillation occurs in Phase B, where the maximum torsion angle of DMF is about 0.23 rad around 300∼600 rpm since the system is passing through the resonance speed zone. Hence, Phase B is the significant stage of vibration control [20] . When the speed is stabilized at around 850 rpm, the fluctuation amplitude of engine speed is inhibited from 130 rpm to about 10 rpm, exhibiting comparatively good vibration attenuation effect. e relation between DMF characteristics and vibration control effect is investigated and analyzed in this chapter based on the proposed research model, which can prescribe the design requirements under start-up condition for DMF matching.
Analysis of DMF Rotary Inertia Distribution.
e total rotary inertia of DMF should be equal to the total rotary inertia of the engine single flywheel [21] for maintaining the effect of energy storage. Suppose the clutch cover is connected with the secondary flywheel rigidly, the sum of I 7 , I 8 , and I 9 is constrained as a constant. In this paper, the ratio of rotary inertia, μ, is defined as: μ � I 7 /(I 8 + I 9 ).
e DMF vibration control effect is evaluated separately on account of the different vibration characteristics in Phases A, B, and C. e engine side vibration is considered as one of the evaluation criteria, since the DMF rotary inertia distribution also effects the vibration of engine side [22] .
Phase A (about 0∼0.4 s): Figure 11 ) and secondary flywheel (a B2max_O2 ) are used as evaluation parameters. Phase C (after 3 s): the averages of the 2 nd order angular acceleration of primary flywheel (a C1ave_O2 ) and secondary flywheel (a C2ave_O2 ) are utilized as evaluation parameters on account of the stable speed in Phase C. e evaluation parameters are summarized in Table 3 , where the attenuation degree c is defined as c � (value of the primary Shock and Vibration 7 flywheel evaluation parameter − value of the secondary flywheel evaluation parameter)/value of the primary flywheel evaluation parameter. Table 3 indicates that the secondary flywheel vibration declines and the DMF performance becomes worse successively when μ varies from 0.3 to 1.7. However, intense oscillation occurs at the engine side when μ is too small. Simultaneously, the engine vibration will be even amplified in Phase A and the 2 nd order vibration amplitude of the secondary flywheel is large in Phases B and C when μ is too large. In conclusion, the optimum selection range of μ is 0.7∼1.1.
Analysis of DMF Hysteresis
Torque. Generally, vibrational energy is converted into thermal energy by damping in mechanical systems. Frictional damping of normal DMF, consuming mechanical energy for attenuating driveline vibration, is a critical kinetic parameter of DMF. For DMF-CSS (DMF with circumferential short springs) [23, 24] in this paper, in addition to damping mechanism, the DMF damping is also provided by the friction between spring seat and spring seat track, lubricating grease, and the friction between spring seats. DMF exhibits nonlinear damping characteristics because the centrifugal force of springs increases with the speed increment and spring seats wedge against each other in large torsion angle zone, inducing the augment of friction. DMF damping characteristic is manifested by the hysteresis effect in DMF measurement [25] , hence the DMF damping characteristic is represented by hysteresis torque (T ht ) in this paper. Five schemes of DMF hysteresis property shown in Table 4 are designed for investigating the requirements for DMF damping characteristic in start-up process.
Phase A (about 0∼0.4 s): Figure 13 shows the timedomain angular acceleration of the primary flywheel and the secondary flywheel under different damping schemes. Phases B and C (after 0.4 s): Figure 14 shows the 2 nd order angular acceleration of the primary flywheel and the secondary flywheel under different damping schemes with time feature.
According to the analysis principle in Section 4.1, the DMF vibration control performances under different damping schemes are listed in Table 5 .
It can be inferred from Table 5 that DMF damping characteristic imposes little effect on the engine side vibration, according to a A1max , a B1max_O2 , a C1ave_O2 . Attenuation degrees in Phases A and B increase and the secondary flywheel vibration declines successively with the increase of DMF damping. With small damping of DMF, good vibration control performance is shown in Phase C. In conclusion, small damping is required in the interval of DMF small torsion angle, corresponding to idling condition Phase C, while large damping is demanded in the interval of large torsion angle for inhibiting vibration, corresponding to Phases A and B. For this paper, based on the DMF attenuation effect under start-up condition, the recommended hysteresis torque from point A to point E is ±0.25 Nm, ±5 Nm, ±20 Nm, ±50 Nm, and ±60 Nm, respectively.
Analysis of DMF Torsional Stiffness.
Except for transmitting the maximum torque of engine, DMF is demanded to bear instantaneous impact loads in driveline. erefore, the maximum torque that the torsional springs can withstand should be designed as at least 1.3 times the maximum torque of engine for ensuring the DMF torque reserve capacity [1] . Moreover, the maximum torsional angle of ordinary DMF is about π/6∼π/3 rad. erefore, the design of DMF piecewise torsional stiffness is restricted by torque and DMF rotation angle, and the stiffnesses restraint with each other.
e torsional stiffness of DMF is generally divided into three stages. e 1 st stage stiffness is the smallest and utilized in engine idling, making the driveline natural frequency lower than the idle excitation frequency of engine. e 2 nd stage stiffness is used in driving condition, and driveline natural frequency can be avoided from the engine excitation frequency band corresponding to the common speed of engine. e 3 rd stage stiffness is the largest and utilized for attenuating the oscillation caused by rapid change of load in driveline. e DMF in this paper is designed with five-stage torsional stiffness originally. For researching the relation between DMF torsional stiffness and vibration absorption performance, the first four stages of stiffness are discussed according to the range of torsion angle that DMF works in under start-up condition. Suppose the angles of inflection points of stiffness remain unchanged, 4 schemes of DMF stiffness (stf.) characteristic shown in Figure 15 and Table 6 are designed.
e DMF vibration control performances of 4 schemes are compared as shown in Figures 16 and 17 .
e evaluation parameters are summarized in Table 7 . According to a A1max , a B1max_O2 , and a C1ave_O2 , stiffness property of DMF imposes little effect on the vibration of engine side. For the 4 schemes, Phases A, B, and C show the similar result that the smaller the stiffness values of the first three stages are, the better the DMF vibration control effect is, namely, the secondary flywheel vibration is smaller and attenuation degree c is larger. Resultantly, the design requirement for DMF stiffness in start-up is that torsional stiffness of DMF should be as low as possible for attenuating the resonance oscillation and optimizing the vibration under engine idle condition. For this paper, based on the vibration control effect of DMF under start-up condition, the design of piecewise stiffness is recommended as 44.1 Nm/ rad, 181.1 Nm/rad, 366.4 Nm/rad, 1473.3 Nm/rad, and 2644.4 Nm/rad, respectively.
Summary and Conclusion
is paper established the driveline torsional oscillation model under start-up condition that considers starter excitation, engine cylinder excitation, and DMF, and the vehicle start-up experiment was conducted. e influence of DMF kinetic parameters on driveline oscillation during engine start-up was carried out, providing the design requirements and references under start-up condition for DMF matching. e following conclusions have been drawn from this paper:
(1) e simulation and experiment results demonstrate the large speed fluctuation of DMF in Phase B, where the system is passing through the resonance speed zone. By comparing with the experimental results, the proposed model that considers excitations of starter and engine is verified to simulate the vibration control effect of DMF in start-up validly. (2) Rotary inertia ratio (μ) of DMF imposes a significant effect on engine vibration, and the primary flywheel will vibrate furiously if μ is too small. e vibration from engine will be even amplified in Phase A, and the 2 nd order vibration amplitude is large in Phases B and C when μ is too large. As a result, for reaching a good vibration control effect during start-up, the optimum range of μ is 0.7∼1.1. (3) Damping and stiffness characteristics of DMF impose little effect on the vibration at engine side. For start-up condition, small damping is required in the range of small DMF angle, while large damping is required in the range of large angle. e recommended hysteresis torque from point A to point E is ±0.25 Nm, ±5 Nm, ±20 Nm, ±50 Nm, ±60 Nm, respectively. Torsional stiffness of DMF should be as low as possible. e recommended design of piecewise stiffness is 44.1 Nm/rad, 181.1 Nm/rad, 366.4 Nm/rad, 1473.3 Nm/rad, and 2644.4 Nm/rad, respectively.
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